Data obtained during a 2-hour sequence of multiple'crossings of the magnetopause in the equatorial plane near 0900 LT with the Ogo 5 UCLA triaxial fluxgate magnetometer and electron spectrometer show that the magnetopause motion was composed of two different oscillations: large-amplitude oscillations with periods from 3.5 to 6 min, and smaller amplitude oscillations with periods as short as 10 sec. The amplitude of the short-period oscillation increased abruptly when the magnetosheath field turned 90 ø southward, producing an extremely variable boundary. The particle boundary showed the same oscillations as the magnetic field boundary, but the two were not coincident and their relative position was quite variable. The direction of the normal to the magnetopause during successive crossings shows that these oscillations do not represent pulsation of the whole boundary but are ripples moving tailward with a velocity of the same order as the plasma flow velocity. The observed structure of the boundary was not consistent with a rotational discontinuity. Since the component of the magnetic field normal to the boundary was often nonzero, however, the structure was not consistent with a steady state tangential discontinuity either. We will conclude that our observations do not 1673
the magnetopause of about 2 R• in two hours. In this sequence of events, a reversal of the vertical component of the interplanetary magnetic field was immediately followed by an inward motion of the magnetopause caused by an erosion of the magnetosphere; magnetic flux was carried into the tail, and the growth phase of a substorm began about half an hour later. The velocity of the inbound Ogo 5 satellite roughly matched the average inward velocity of the boundary during about 2 hours, which enabled us to study the motion and structure of this boundary for a relatively long period of time. Moreover, Ogo 5 was transmitting at its highest data rate throughout this period, providing 56 vector samples of the field per second (sps), which allowed us to analyze the fine structure of the boundary. , AND RUSSELL magnetometer, this field is reduced in steps of 16 7 until the field at the basic magnetometer is within its operating range. When all available 16-), steps have been applied (64 possible), a field of 1024 7 is applied, and 63 of the 16-7 steps are removed. This stepping procedure has a cycle rate of 500 hz, which is far above the magnetometer sampling rates. The measured field consists, then, of three quantities' the number of 1024-), hulling fields applied, the number of 16-7 hulling fields, and the output of the basic magnetometer from + 16 to -16-), digitized in 256 parts, each •/s y. The sum of these three quantities for each independent axis gives the measured vector field.
The basic magnetometer is operated as a closed loop magnetometer with a frequency response that is fiat to 150 Hz and then rolls off at 20 db per decade above 150 Hz. The three possible Ogo 5 telemetry rates, 1, 8, and 64 kilobits per sec, correspond to Nyquist frequencies of 0.43, 3.5, and 27.8 Hz for the instrument. Since meaningful wave studie s can be performed only if no signals above the Nyquist frequency reach the telemetry system, the output of the basic magnetometer enters a filter dependent on bit rate before being digitally sampled. This critically damped fourthorder filter has 8-db attenuation at half the Nyquist frequency, 20-db attenuation at the Nyquist frequency, and 40-db attenuation at twice the Nyquist frequency.
The satellite can simultaneously transmit data to earth (real time data) and store data on the spacecraft on magnetic tape for later transmission (playback data). These data can be sampled at different rates' playback data are always sampled at I kbit per see, whereas the real time data have three possible rates. Thus, the instrument actually has two outputs, each with its independent filter depending on the sampling rate of the digitization unit to which the signal is routed.
The absolute accuracy of the measured field depends on many factors' the sensitivity of the magnetometer, the size of spacecraft fields and the possibility of drifts in the zero levels of the magnetometer. This magnetometer is the most sensitive fluxgate magnetometer ever flown on a spacecraft and is separated from the main body of the spacecraft by a 20-foot boom. There are other nearby experiments, however, and this was a newly designated magnetometer. By comparing it with the Goddard magnetometers on board, which are on a similar boom restricted only to magnetometers, we found that there was a slow drift from orbit to orbit of the apparent zero levels of the UCLA magnetometer.
The Goddard magnetometers consist of an Rb vapor magnetometer and a fluxgate magnetometer, both of which have flown before on 0go 1 and 3, and which provide consistent fields when compared. Data from these magnetometers, graciously supplied by the experimenters, have been used to determine the zero level for each 0go 5 orbit. In view of the slow drift of the zero levels, however, the absolute value of any one component may be in error from I to 2 7. On the other hand, the rate of drift is exceedingly slow as compared with the time scales of physical processes such as waves, discontinuities, etc. Thus changes in the field components can be accurately measured to the digitization window of the experiment, % 7.
Particle flux measurements. The pitch angle electron spectrometer was designed to measure During the period of interest on March 28, 1968, the satellite telemetry rate was 64 kbits/sec, at which rate measurements are made in all detectors every 0.02 sec. The experiment was switched at 10-min intervals from the energy mode, in which all detectors repeatedly cycled through eight energy channels, to the pitch angle mode, in which only total flux in the energy range was measured.
The 
MHD DISCONTINUITIES
It is generally agreed that the magnetopause must be mainly an MHD tangential or a rotational discontinuity, the characteristics of which are shown in Figure 2 [Landau and LifsMtz, 1960] . In this figure, p, v, and p are the density, flow velocity, and pressure of the plasma; H is the magnetic field, and subscripts n and t refer to the components normal and tangential to the boundary. The square brackets represent the difference between the quantity on the two sides of the discontinuity.
The theory does not define the variation of the field inside the discontinuity. We know only that for a rotational discontinuity, the projections H 
MOTION OF THE BOUNDARY
The average inward motion of the boundary between 1700 and 1900 has already been reported by Aubry et a/. [1970] , who showed that boundary oscillations superposed on the main inward motion resulted in multiple crossings. We are interested here in detailed study of the boundary oscillations. 
STRUCTURE OF TI-IE BOUNI)A•Y•
We shall now study some characteristic crossings in our 2-hour period of observation.
For that purpose we shall use the eigenvalue technique discussed in the Appendix. The [1970] . The crossings labeled 5 and 6 will be discussed. We shall try to determine whether or not the various states of unstability and the different drags observed in these three parts of the data are associated with a specific structure of the boundary.
First Zone
In the first zone, the crossing at 1700 has been studied. When examined with the 1-sps data, it consists mainly of a rotation of the field lasting about 15 sec with no normal component; the computed average for B, is less than 10 -• y and thus is less than the digitization error of the experiment. The crossing was then broken into portions of about 2-sec length, and the eigenvalue analysis was performed for each by using the 56-sps data. This analysis confirmed that the boundary had a rather steady orientation during the whole crossing. However, the components of the magnetic field normal to the boundary varied from 10 to --10 y from one interval to the other. This could be due to the presence of waves inside the boundary. Figure  6 ). These two facts refute the hypothesis that crossing i is a rotational discontinuity (see above). To check the 2.4-y normal component, the crossing was then broken in intervals of 2 sec length and each was analyzed by using the 56-sps data. The computed normals to the boundary were rather scattered, and the corresponding normal components ranged from -]-4 to --23 y. Even if we ignore this last value, there was so much scatter in the normal field that it is probable that the motion of the boundary prevents drawing any conclusion from the various normal components obtained, so we do not know if crossing i corresponds to a tangential discontinuity. Our main purpose in presenting this crossing was to show an example of a rotating magnetic field across a boundary that is not a rotational discontinuity.
Crossing 2. This is a double crossing; the satellite, which is first in the magnetosphere, crosses through a bump in the boundary and makes a short excursion into the magnetosheath lastingSseveral seconds. To study this part of the data,'•we selected an interval of 21 sec, which contains the spike labeled 2 in Figure 4 . Figure 9 shows the variation of the magnetic field in the reference system (1, 2, 3) of the satelite with a sampling rate of 56 sps.
To study the magnetic field in a more convenient reference system, an eigenvalue computation from the 1-sec averaged data was performed for this interval. This allows us to separate the Bx component, which reverses at each crossing Crossings 3 and 4 have been studied successively and in more detail than the former ones. Indeed, they are less than 2 min apart, which gives an opportunity to study the important changes occurring in the boundary during very short intervals of time. Moreover, they seem to be 'clean' with the time definition of Figure 4 , and this will allow us to show the importance of high sampling rates for studying the magnetopause. We wanted to check carefully on these crossings the tailward drift hypothesis as well as the existence of variable components of the field normal to the boundary. This led us to perform several eigenvalue computations for each crossing (see appendix).
In regard to crossing 3, we first examine the variation of the magnetic field across the boundary. We must select some of the time intervals presented in the appendix: first the interval nn (Figure 18 ) is chosen because it represents 1-sec averaged data for the whole crossing (about 10 sec). In Figure 12 detail at the region of the field reversal, we choose the time interval N7 (Figure 18 ), which contains 56-sps data for this region.
In Figure 13 Table 1 ). This result emphasizes the difficulty of measuring the component of the field normal to the boundary. It appears that the structure of this part N• of the crossing, which lasts less than 2 sec, is rather complicated: a central section NP nearly force-free is squeezed between two intervals MN and PB, where opposite .Lorentz forces normal to the boundary are maximum (B and •B are nearly parallel in these two intervals). In fact, the use of magnetohydrodynamic concepts should be considered here with caution, because it will be shown that the total thickness of the boundary during crossing 3 is of the order of 3 Larmor radii.
In regard to the existence of a normal component of the magnetic field to the boundary, we conclude in the appendix that no clear result can be drawn for this particular crossing.
Crossing 4. The position of this crossing in the whole sequence is shown in Figure 4 ; it occurs less than 2 rain after crossing 3, and we will use for 4 exactly the same kind of analysis as for 3. A discussion of the eigenvalue analysis is presented in the appendix. To study the variation of the magnetic field across the boundary, we first select the interval ns, which represents 1-sec averaged data for the whole crossing (Figure 19 ). In Figure 14 For the third zone of crossings after 1840, we tried to analyse the spikes labeled 5 and 6 in Figure 4 by the technique already used for spike 2, but this attempt was unsuccessful. Although no conclusion can be shown for this t/bird zone, we think that it is useful to present • short account of the difficulties involved.
Spike 5 appears very similar to spike 2 even at • resolution'of 7 sps. Its duration is about the same, 10 to 15 sec, but the eigenvectors computed from the 56-sps data for five different intervals were so scattered, with components normal to the boundary ranging from --15 to -+-20 7, that we were unable to devise a scheme equivalent to that of Figure 9 for spike 5. For spike 6, the high-resolution data (56 sps) presented in Figure 17 shows that a study using the eigenvalue technique is meaningless: the fluctuations are too much rapid. ranges of oscillation, several minutes and less than I min, are separated. We do not know if this implies two different generation mechanisms, but we have shown that the 10-sec period ripple on the boundary responsible for spike 2 was also drifting tailward with a velocity,similar to the plasma flow velocity. It would be interesting to know if the fluctuation of the order of 10 sec as represented by spikes 2, 5, and 6 has a different origin from the ones with less than 5-sec periods that appear in crossings I (Figure 8), 2 (Figure 11), 3 (Figure 18), 4 (Figure 19), and 6 (Figure 17) . We recall that the proton cyclotron period in a 30-), magnetic field is about 2 sec. The amplitude of the long-period oscillations is generally much larger than the amplitude of the shortperiod ones, except during the last part of the crossings (between 1840 and 1906). It should be emphasized that this last sequence of crossings is characterized by' the most southward orientation of the magnetosheath field, the most inward position of the boundary, and the most fluctuating magnetic fields and particle fluxes. This is in contrast to the nearly steady boundary recorded at 1700, where the magnetosheath field was northward.
The oscillations as recorded by the particle experiment confirmed the qualitative description obtained from the analysis of the magnetic data. We assumed that the multiple crossings observed at the satellite are produced by the drifting toward the tail, of ripples on the boundary, with a velocity of the same order of magnitude as the average flow velocity of the plasma, (about 200 km/sec). The boundary thickness computed from this model was of 2 to 3 proton Larmor radii; if the thickness is considered reasonable, this is a rough check of the validity of our assumption on the velocity.
AVBY, •KIvELSON
The relative orientation of the boundary during succeeding crossings confirms that the motion was indeed tailward (a similar conclusion was reached by Kaufmann and Konradi [1968] ).
Microstructure o/ the boundary. We analyzed more than 20 crossings; 4 representative ones are presented. Various signatures were found, as can be seen from Figures 7 to 15 . Moreover, the evolution, as seen by the satellite, from one shape to the other is very rapid; for example, there is a delay of only 2 min between the structures observed in Figures 13 and 15. Through the whole interval, however, the difference vector of the magnetic fields on the two sides of the boundary is mainly vertical. Since the measurements are made at the equator, the difference vector for plasma flow velocity should be mainly horizontal. Therefore, we claim that the results cannot fit with a rotational discontinuity model of the boundary. This is confirmed by the fact that the amplitudes of the field on the two sides of the boundary always differ by at least 20%; although the magnetic field is not measured simultaneously on the two sides of the boundary, it is evident from Figure 4 that the change in amplitude observed at a crossing is greater than the average fluctuation of the magnetosheath field, at least for the crossings prior to 1840 UT. (This is particularly clear for crossings I and 4). Consequently, an interpretation of these crossings in terms of rotational discontinuities is unacceptable. On the other hand, as shown above, at some of the observed crossings normal components of the magnetic field are present, so these crossings also cannot be interpreted as tangential discontinuities.
Normal component. 
APPENDIX
For the detailed study of individual crossings, the first problem is to display the variations of the magnetic field in a convenient reference system. In particular we wish to choose the x and y directions to be in the plane of the boundary and z normal to the boundary. The technique for determining this reference system is now very well known [Sonnerup and Cahill, 1967 Figure 18 . Eigenvalue computations have been processed for 11 time intervals shown on this figure. For the intervals labeled N• to N9, a rate of 56 sps was used; for the intervals labeled n•0 and n•, 1 sps was used. Table 1 Table 1 shows several facts about the eigenvalue analysis. First, the field along the computed normal is quite variable, ranging from 10 to --20 y. Second, the variance of the field along the normal can be quite small, as low as .03 y•, and is largest for the intervals covering the longest period of time. Third, the three eigenvalues generally have quite distinct magnitudes. We shall return to the first point later. The second point implies that the boundary orientation does not change much over short periods but can move significantly over long periods. The third point means that the direction of maximum field variation (the x axis) and of minimum field variation (the boundary normal) are both well defined. However, the 56-sps data generally give a better separation of the intermediate and minimum eigenvalues than do 1-sps data, and thus we expect that the 56-sps data define the boundary normal better. The The largest eigenvectors (circles) are on the average not very far from the Z GSM axis (see Nx, n,0, and nxx), a result that would be obtained from a current sheet flowing on the average very roughly parallel to the GSM equatorial plane. However, the structure of this current sheet is rather complicated, as can be checked from the scattering of the largest eigenvectors obtained from short time samples (N•. to N,) .
We now examine the eigenvalues analysis for the crossing 4. An enlarged plot of the variation of the B, component measured at a rate of 56 sps is shown in Figure 19 . Ten intervals chosen for the eigenvalue computation are delineated, and the directions of the corresponding axes x and z are shown in the upper right of the figure. Table 2 presents the information about this set of eigenvalue computations in the same format used in Table 1 . As before, the component of the field normal to the boundary varies over the different analysis intervals, ranging from 4.4 to 13.6 y. Again the ratio of the intermediate to the smallest eigenvalue illustrates that the 1-sps data can only poorly define the direction of the boundary normal. Also, the longer intervals are associated with larger variances.
By examining Figure 19 , we see that the z eigenvectors are less scattered than those in crossing 3. In fact, the main scatter is due to ns, ng, and N•.. The calculation of ns and n, used 1-sps data that, as discussed above, poorly define the normal, and the interval over which 8, 10, 12, and 14) .
With this in mind we can interpret the extent to which the field component normal to the boundary as derived in Tables i and 2 is 
